The filamins are cytoplasmic proteins that regulate the structure and activity of the cytoskeleton by cross-linking actin into three-dimensional networks, linking the cell membrane to the cytoskeleton and serving as scaffolds on which intracellular signaling and protein trafficking pathways are organized (reviewed in refs. 1,2). We identified mutations in the gene encoding filamin B in four human skeletal disorders. We found homozygosity or compound heterozygosity with respect to stop-codon mutations in autosomal recessive spondylocarpotarsal syndrome (SCT, OMIM 272460) and missense mutations in individuals with autosomal dominant Larsen syndrome (OMIM 150250) and the perinatal lethal atelosteogenesis I and III phenotypes (AOI, OMIM 108720; AOIII, OMIM 108721). We found that filamin B is expressed in human growth plate chondrocytes and in the developing vertebral bodies in the mouse. These data indicate an unexpected role in vertebral segmentation, joint formation and endochondral ossification for this ubiquitously expressed cytoskeletal protein.
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Morphogenesis in vertebrate organisms requires the integration of extracellular signals with alterations in the cellular cytoskeleton. Filamins regulate the organization of cytoskeletal F-actin into either parallel bundles or orthogonal gel networks 3 and also mediate interactions between subcortical actin networks and transmembrane receptors to modulate cell-cell, cell-matrix and intracytoplasmic signal transduction 1, 2, 4 . Mammals have three filamin genes, FLNA, FLNB and FLNC. FLNA and FLNB seem to be ubiquitously expressed 5, 6 ; FLNC is predominantly expressed in muscle. Human filamin genes are highly similar with conserved exon-intron structure, and there is ∼70% homology at the protein level 2, 7 . The filamin monomer comprises an N-terminal actin binding domain (ABD) followed by a series of 24 β-sheet repeats that collectively bind many cytoplasmic and transmembrane proteins 1, 2 . Filamins exist in vivo as dimers. Dimerization, leading to homo-and possibly heterodimer formation, is mediated by interactions between C-terminal sequences 5, 8, 9 . Mutations in FLNA produce a spectrum of X-linked malformation and osteochondrodysplasia syndromes. FLNA loss-of-function mutations are usually embryonically lethal in males and underlie a neuronal migration disorder in females 10 . Mutations producing structural changes in the protein lead to numerous developmental anomalies in the brain, skeleton and viscera 11 .
Recently the gene associated with SCT, an autosomal recessive disorder characterized by short stature and vertebral, carpal and tarsal fusions 12, 13 , was localized on chromosome 3p14 (ref. 14). These studies and further recombination mapping (data not shown) identified a 4.7-cM candidate region, which included a 1.4-Mb region of homozygosity containing 14 genes. Mutations were not found in the candidate genes WNT5A 14 , ASB14 and IL17RD (also known as SEF) in affected individuals from the linked families. The gene FLNB localizes to this interval and, considering the role of FLNA in skeletogenesis 11 , we looked for mutations in FLNB in four unrelated families with SCT.
Individuals with SCT were either homozygous or compound heterozygous with respect to mutations in FLNB that resulted in stop codons ( Fig. 1 and Table 1 ). Affected individuals in the consanguinous family R00-008 were homozygous with respect to the mutation 6408delC that predicts a translational frameshift and a stop codon four codons downstream. Affected individuals from two additional consanguinous families (R99-438 and R03-062) were homozygous with respect to mutations (1945C→T and 7029T→G) predicted to create translational termination codons (R649X and Y2343X, respectively; Fig. 1 ). In one nonconsanguinous family (R00-084), the affected individual was compound heterozygous with respect to two mutations that predicted premature translation terminations at codons 818 and 1607. In all four families, the segregation of the mutations was compatible with the autosomal recessive inheritance pattern of SCT. All mutations found to underlie SCT predict premature stop codons within the repeat domain of filamin B, and we therefore conclude that SCT results from absence or truncation of filamin B.
We next explored whether other skeletal dysplasias with vertebral fusions were associated with mutations in FLNB. Larsen syndrome is a genetically heterogeneous disorder characterized by multiple joint dislocations, craniofacial abnormalities and accessory carpal bones [15] [16] [17] (Fig. 2) . A gene associated with an autosomal dominant form of the disorder was localized to 3p21. 1-14.1 (ref. 18) . We studied four individuals with sporadically occurring Larsen syndrome and one family with a dominantly inherited form of the condition. We found heterozygosity with respect to missense mutations in FLNB that arose de novo in all five families ( Fig. 2 and Table 1 ). Two mutations are predicted to lead to the amino acid substitutions F161C and E227K in the ABD of filamin B. Three other mutations predict a single amino acid deletion or substitution (1571delN, G1586R, G1691S) in repeats 14 and 15 of the protein.
AOI and AOIII are autosomal dominant lethal skeletal dysplasias with vertebral abnormalities, disharmonious skeletal maturation, poorly modeled long bones and joint dislocations 19 (Fig. 3) . The overlap of some of these clinical and radiographic features with Larsen syndrome 20,21 prompted us to look for mutations in FLNB in individuals with these conditions. We identified mutations in FLNB in all three individuals with AOI and both individuals with AOIII that we studied ( Fig. 3 and Table 1 ). All subjects were unrelated, and the phenotype arose sporadically in their families. The three individuals with AOI were heterozygous with respect to point mutations in FLNB that predicted single residue substitutions in the ABD. One individual with AOIII was heterozygous with respect to the same point mutation (604A→G) identified in an individuals with AOI. Analysis of the available parental samples showed that one mutation associated with AOI and both mutations associated with AOIII occurred de novo. It has been suggested that Boomerang dysplasia is allelic with AOI 22 , but we found no mutations in FLNB in one individual with this diagnosis.
The diversity of skeletal abnormalities caused by mutations in FLNB indicate a central role for filamin B in skeletal morphogenesis. The presence of vertebral abnormalities (block fusions, vertebral hypoplasia, malsegmentation and clefting, posterior arch hypoplasia or aplasia) prompted us to examine expression of filamin B in mouse embryos by immunostaining. We observed intense, uniform filamin B expression in condensing chondrocytes within vertebral bodies in sectioned embryos at embryonic day 14 (E14; The presence of short stature, epiphyseal delay and disharmonious bone mineralization in the group of disorders associated with mutations in FLNB suggest a role for filamin B within the epiphyseal growth plate. Some mutations in FLNA also affect stature and skeletal mineralization. We examined sections of normal fetal distal femur by immunofluorescence using antibodies directed against filamin A and filamin B. Filamin B was uniformly present throughout the growth plate, with expression detected in resting, proliferating, prehypertrophic and hypertrophic chondrocytes (Fig. 5a ). In contrast, there was intense filamin A expression in chondrocytes in the hypertrophic zone, but diminished expression in resting and proliferating chondrocytes. Both filamins were localized to the cytoplasm, but in hypertrophic chondrocytes, filamin B was concentrated at the cell membrane whereas filamin A was distributed throughout the cytoplasm (Fig. 5a) . In proliferating chondrocytes undergoing cell division, both filamins, but especially filamin B, were concentrated at the cleavage furrow between the dividing cells (Fig. 5b) .
The demonstration that mutations in FLNB ( Supplementary Fig. 1  online) are associated with a spectrum of autosomal dominant and recessive skeletal dysplasias indicates that Larsen syndrome, AOI and AOIII are genetically related conditions and adds SCT to the allelic series. Like mutations in FLNA 11 , mutations in FLNB produce a diversity of phenotypes, depending on the nature and location of the mutation. The premature termination mutations underlying SCT could lead to nonsense-mediated decay 24 and absence of filamin B, but production of a stable truncated protein lacking a dimerization domain cannot be ruled out. Cell lines from the families with SCT were not available, and so these hypotheses could not be distinguished.
Dominant missense mutations in FLNB underlie Larsen syndrome, AOI and AOIII, disorders characterized by joint dislocation, implicating filamin B in joint morphogenesis. Three of the four mutations associated with AOI or AOIII occurred in the ABD, altering residues conserved among human paralogs, orthologous filamins from other species and other actin-binding proteins ( Supplementary Fig. 2 online) . The presence of the same mutation (604A→G) in individuals with AOI and AOIII, conditions previously separated on grounds of radiology and chondro-osseus histology 19 , suggests that such distinctions do not reflect differences in their primary molecular pathogenesis.
Three mutations producing Larsen syndrome (3 of 5 independent cases) altered conserved residues within repeats 14 and 15. Whether these predicted substitutions disrupt specific binding interactions is unclear, as interacting partners for filamin B have not been identified for these repeat elements. As with disease phenotypes associated with mutations of the ABD of filamin A 11 , the severity of the disease associated with ABD substitutions in the filamin B is varied. Some well conserved residues corresponding to predicted helical components of the protein (A173V, M202V) produced lethal AOI or AOIII,
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VOLUME The demonstration of highly localized expression of filamin B in the cartilaginous condensations of developing vertebrae has not been previously appreciated and, together with the defects in vertebral development observed in individuals with mutations in FLNB, indicates a pivotal role for the protein in vertebral patterning and morphogenesis. In cartilage, distinct expression patterns for filamin A and filamin B indicate different roles for these proteins. Coexpression of the two proteins in hypertrophic chondrocytes suggests possible functional redundancy for the proteins in these cells, but there seems to be a distinct role for filamin B in the remainder of the growth plate. The histology of the growth plate in AOI and AOIII includes a diminished chondrocyte population and widespread acellular islands in the resting zone, sometimes containing cell remnants or multinucleated giant cells 19 . The observation of filamin B concentrated at the cleavage furrow of dividing chondrocytes may indicate that some mutations in FLNB confer a defect in cell division that leads to formation of multinucleated giant cells and possibly accelerated apoptosis, resulting in hypocellularity in the resting zone of the growth plate. Understanding the specific mechanisms by which FLNB mutations produce defects in skeletal morphogenesis and abnormalities in other organ systems will be facilitated by the findings described here. This will include the identification of specific filamin B binding partners and the pathways and downstream signal transduction targets that interact with this cytoskeletal protein during development.
METHODS
Linkage analysis. Under a protocol approved by the institutional review board, we obtained informed consent from all affected and unaffected individuals in the families studied. We collected blood and extracted DNA by standard protocols. Recombination mapping used the markers at the loci D3S2400, D3S3616, D3S1295, D3S1592, D3S2452, D3S1313 and D3S1234. Each 15-µl PCR contained 25 ng of genomic DNA, 200 µM dNTPs, 0.33 µM each primer, 0.5 U of AmpliTaq Gold DNA polymerase (PE Biosystems) and 1.5 mM MgCl 2 . PCR was carried out using a Perkin Elmer 9700 GeneAmp Thermocycler as follows: 10 min at 95 °C; 35 cycles of 94 °C for 30 s, 55 °C for 75 s and 72 °C for 15 s; and 10 min at 72 °C. We resolved PCR products by capillary electrophoresis using an ABI model 3100 automated DNA sequencer. We analyzed genotypes using the ABI Genotyper 2.5 software package. In each family, haplotypes were created by parsimony.
Mutation detection in FLNB.
We amplified genomic DNA fragments by PCR using a Perkin Elmer 9700 GeneAmp Thermocycler. Primer sequences and conditions are available on request. We detected mutations using denaturing high performance liquid chromatography (Transgenomic) and subsequent automated sequence analysis or by direct sequence analysis alone. We subjected amplified fragments to sequence analysis using the ABI Prism Big Dye version 3 sequencing kit (Applied Biosystems) and separated the products by electrophoresis using an ABI model 377 automated DNA sequencer. We processed the sequence data using ABI software and analyzed it using Sequencher (Gene Codes). We confirmed mutations by bidirectional sequencing. After identifying a mutation in an affected individual, we carried out segregation analysis in families by sequence analysis, restriction endonuclease cleavage or single-strand conformation polymorphism analysis. We confirmed declared parental relationships by the segregation of four unlinked microsatellite markers (data not shown).
Antibody detection in mouse embryos. We removed the paraffin from sections of mouse embryos (Novagen) and hydrated them through a series of xylene and alcohol washes. Antigen retrieval was carried out by standard microwave citrate methods and then quenched in 0.3% H 2 O 2 for 30 min. We blocked slides in 10% goat serum, 1% bovine serum albumin, 0.5% Triton in phosphate-buffered saline (PBS) for 30 min at room temperature and then incubated them with a 1:200 dilution of antibody to filamin B directed against the H1 epitope 6 in 10% goat serum, 1% bovine serum albumin, 0.5% Triton in PBS overnight at 4 °C. We stained slides with immunoperoxidase using the Vectastain ABC Elite Kit (Vector Laboratories) and mounted them in Permount (Fisher Scientific). For alcian blue staining, we stained the mouse E14 section with 1% Alcian blue (Sigma) in 3% acetic acid for 45 min and counterstained it for 5 min with 0.1% nuclear fast red (Biomedical Specialties) in 5% aluminum sulfate. We dehydrated the slides with alcohol and xylene washes and then mounted them in Permount. We analyzed the results with an Olympus Fluoview confocal microscope (Scientific Instruments Company). We captured images with an Apogee KX-2E digital camera (Apogee Instruments) and processed them with an Image-Pro, Focus Control computer program for a PC computer (Scientific Instruments Company).
Growth plate immunofluorescence.
We fixed the distal fetal femur from a normal 20-week-old fetus in formalin and then decalcified it in 3% EDTA diluted in 0.1 M PBS. We cut 70-µm sections using a vibratome, blocked sections for 1 h in 5% donkey or goat serum in 0.1% Triton in PBS and then incubated them with a primary monoclonal antibody to filamin A (Neomarkers) and/or a polyclonal antibody to filamin B, each at a 1:200 dilution in 5% serum in PBS, at 4 °C for 3 d. We washed sections, treated them with either Alexa Fluor 488-conjugated donkey antibody to mouse IgG or Alexa Fluor 568-conjugated goat antibody to rabbit IgG (Molecular Probes) at a 1:200 dilution in 5% normal serum in PBS at room temperature for 1 h. We washed the sections and mounted them on slides using VECTASHIELD (Vector Laboratories) with DAPI. Duplicates of each section were incubated with PBS instead of the primary antibody as a negative control. We analyzed sections using a fluorescence microscope as described above and with a Leica TCS SP confocal microscope (Leica Microsystems).
Note: Supplementary information is available on the Nature Genetics website.
